where the first integral is evaluated along the path of a hypothetical ray originating from the direction of the radio source and passing through the atmosphere to a receiving antenna, and n(s) is the index of refraction at the point s along the path; the second integral is evaluated along the path the ray would take were the atmosphere replaced by vacuum. For simplicity, we have chosen units in which the speed of light is unity. (Delay will therefore be expressed in units of equivalent length.) The difference, r?-r?, for the two antennas i and j, of an interferometer gives the contribution of the atmosphere to the model of the interferometric delay. (Using the term "tropospheric delay" here would be inaccurate, since about 25% of the atmospheric delay occurs above the troposphere.)
We can find the point at which the integration in both parts of (1) is terminated at the earth by visualizing the path of the (hypothetical) paraxial ray. This ray would strike the vertex of the paraboloid of the antenna normal to the surface of the antenna and be reflected back along the axis. For a prime focus antenna, this paraxial ray would continue to travel until it enters the antenna feed at the focus. For a Cassegrain focus antenna, the ray would be reflected once more at the subreflector and then enter the feed located at or above the vertex along the axis. The path(s) after the initial reflection can be ignored in evaluating (1), because the delay is very nearly constant. The daily variation is usually less than 0.5 mm per 10 m of travel. (The largest diurnal variation in this delay, calculated from data taken by meteorological sensors located at the sites, was recorded for the Westford antenna site; the value was 0.8 mm per 10 m of travel and was associated with a rapid decrease in the humidity.) A constant delay of any type at one of the sites is indistinguishable from a constant clock offset or instrumental delay for that site.
For most antennas, the vertex of the primary reflector moves when pointing is changed; the size of the movement is usually a few meters. This movement can usually be ignored, with consequent negligible error, and a fixed reference point used in the evaluation of (1). For example, the intersection of axes of rotation of the Haystack antenna (one of the antennas used in VLBI experiments; see below) is located 4.3 m from the vertex along the axis of the parabola in a direction opposite to that of the prime focus. In this case, if we use the axis intersection as the fixed reference point for the evaluation of (1), the errors introduced will be equal to the neglected delay from vertex to the subreflector and back to the secondary focus (a total distance traveled of 25.2 m), minus the erroneously added path from the vertex to the intersection. These paths should contribute less than • 1 mm amplitude of diurnal variation (due to diurnal variations of temperature and humidity) and less than 0.01 mm variation with antenna pointing angle.
Evaluation of the second integral on the righthand side of (1) requires only knowledge of the source and antenna coordinates. However, evaluation of the first integral requires, as well, knowledge of the index of refraction in the neighborhood of the correct ray path, which is necessary in order to obtain the path itself via Fermat's principle [Born and Wolf, 1970] . Since in practice it is not possible to obtain this knowledge, one usually relies on models of the structure of the atmosphere. For example, one often assumes that the index of refraction of the atmosphere is constant from the surface of the earth up to an altitude H; for altitudes above H, the index of refraction is assumed to be unity, and the bending of the ray at the atmosphere/vacuum boundary is ig- 
where e is the elevation angle of the radio source and no is the index of refraction at the surface of the earth.
It is possible to write (1) in a form which is motivated by the simple form of (2). Quite generally, we can write
The function m(e, P), which is defined by (1) and (3), depends on the elevation angle e as well as on the parameter vector P, which is a parametrized representation of the behavior of the index of refraction in the atmosphere. The number of elements (parameters) in P depends on the assumptions made about "regular" atmospheric structure. For example, if one assumes that no discernible atmospheric structure exists, then P will be an infinite-dimensional vector containing the index of refraction at all points. Since, as previously discussed, the refraction at all points is not known, this assumption would void (3) of any possible advantages. Instead, one usually makes some assumptions and approximations concerning the structure of the atmosphere and its effects on the ray path. A simple set of assumptions and approxi-where rwwt is obtained from the WVR data. The user of such formulas, however, must be extremely careful to understand exactly what is meant by the terms "dry" and "wet," because the path the radio signal travels through the atmosphere is dependent on the contributions to the index of refraction from all atmospheric constituents. Furthermore, the so-called "dry" zenith delay also contains contributions from water vapor (see Appendix A).
SYSTEMATIC ERRORS IN ESTIMATES OF BASELINE LENGTH
The manner in which estimates of baseline length are affected by errors in the mapping function used to model the atmospheric delay can be understood by first examining the approximate expression for the "geometric" term '•geom of the group delay model
•geom ----bø • ----(r2 sin e2 -r• sin e•)
where b is the baseline vector (directed from site 1 to site 2), g is a unit vector in the direction of the source, ri is the distance from the center of the earth to the ith site, and ei is the elevation of the source at the ith site (i = 1, 2), and where the total group delay (of which 'rgeo m is but one term) is defined as the time of , with the exception noted below. These data were processed as described by Clark et al. [1985] . The atmospheric delay was modeled by using the Marini formula, which requires surface weather data. The group delay data involving the site at Chilbolton, United Kingdom, were deleted, since surface weather data were not available for this site for some periods of the campaign. The phase delay rate data were not included. From Figure 1 it can be seen that the differences in the estimates of baseline length seem to be nearly proportional to baseline length. Recalling (7), we can interpret these differences as due to corresponding differences in the estimates of radial positions of the individual sites, if these latter differences are nearly equal. For reference, Figure 1 contains a line representing the effect of a 3-cm radial difference at each site. (The sense of the radial difference is, from (7), such that the estimates of the radial positions from the 0 ø cutoff solution were greater than those from the 15 ø cutoff solution.) It can be seen that this nearly represents the actual situation. We thus conclude that the differences evident in Figure 1 are due to mapping function errors, on the assumption that there do not exist any other elevation angledependent errors of this magnitude. The advantage of using this form is its simplicity, both in calculating the mapping function itself and in calculating partial derivatives of the mapping function with respect to the parameters to be estimated. The disadvantage of this form is that for higher elevation angles (20ø-60ø), tan e does not approach sin e quickly enough. As a result, one can expect 1-to 2-mm errors in representing the atmospheric delay with (9) for these elevations. In order to determine the mapping function parameters a, b, and c, we performed ray trace analyses for various values of a limited number of atmospheric conditions. The ray trace algorithm we used was based on a spherically symmetric, layered atmosphere. The temperature profile was taken to have a linear dependence with height up to the tropopause, above which the temperature was assumed constant. The total pressure was assumed to result from hydrostatic equilibrium, and the relative humidity was assumed to be constant up to 11 km and zero above that height. The acceleration due to gravity was assumed to be constant with height. This simple set of assumptions concerning the structure of the atmosphere allowed us to examine the dependence of the mapping function on variations about the nominal values of the following parameters: surface pressure, surface relative humidity, surface partial pressure of water vapor, temperature of the tropopause, and height of the tropopause. However, the sampling of parameter space was not done in a systematic manner due to the large number of ray trace analyses which this would entail. For example, if just three values for each parameter were used, there would be 35= 243 different combinations of parameters. Instead, 57 analyses were performed, and there are resulting gaps in the sampling of the parameter space.
For each set of atmospheric conditions, then, we determined the ray trace values for the mapping function, in steps of 1 ø for elevations from 5 ø to 90 ø. We then used least squares to estimate a, b, and c. We have performed the elevation-angle-cutoff test on the CfA-2.2 mapping function. For this test, the Saastamoinen formula for the zenith delay [Saastamoinen, 1972] was used to be consistent with the zenith delay values used for the Marini formula. The "wet" part of the delay (see Appendix A) was mapped by using (9)-(12) as well, even though this use introduces a small error which is, from (4), the "wet" delay multiplied by the difference between CfA-2.2 and the "true" wet mapping function. The values listed in Table 2 were used for tropopause height and lapse rate. These values are based on tables of mean temperature profiles near the 80th meridian west [Smith et al., 1963] . No attempt was made to obtain the exact profiles of temperature that prevailed at the sites, since for this elevation angle cutoff test we were attempting only to remove the gross effects of differences from the nominal values of implies that there should be little difference between the results for either of these sites from using different mapping functions. Further testing of the CfA-2.2 mapping function is The purpose of this appendix is to derive an accurate expression for the zenith delay from the wet and dry refractivity formulas. We pay particular attention to the treatment of the wet/dry mixing ratio. We also obtain an estimate for the accuracy of the hydrostatic (i.e., "dry") delay formula, and derive an expression for the "wet" zenith delay which is consistent with the "dry" zenith delay formula. This "wet" delay formula makes use of the most recent expression for the wet refractivity and can be used to establish the relationship between the observables of instruments which measure the radiative emission of atmospheric water vapor (e.g., water vapor radiometers) and the line-of-sight delay due to water vapor.
Derivation of the zenith delay from the refractive index
The three-term formula for the total refractivity of moist air, as given by Thayer [ 1974] Table A1 . The uncertainties of these values limit the accuracy with which the refractivity can be calculated to about 0.02%.
The first term in (A1) represents the effect of the induced dipole moment ("displacement polarization") of the dry constituents. The second term represents the same effect for water vapor, whereas the third term represents the dipole orientation effects of the permanent dipole moment of the water molecule. None of the primary constituents of dry air (shown in Table A2 ) possesses a permanent dipole moment.
The values for k2 and k3 listed in Table A1 Table A1 .
-
The grouping together of all the dry constituents into one refractivity term is possible because the relative mixing ratios of these gasses remain nearly constant in time and over the surface of the earth [Glueckauf, 1951] . The eight main constituents of the dry atmosphere are listed in Table A2 , along with their molar weight and fractional volume, and a standard deviation representing the variability of that constituent in the atmosphere. Using these numbers, we find the mean molar weight Md of dry air to be Md = 28.9644 + 0.0014 kg/kmol, where the standard deviation is an upper bound on the variability of Ma based on the values in Table A1 and on the assumption that these constituents vary independently. 
Integration of the refractivity in the form given in (^1) requires knowledge of the profiles of both the wet and dry constituents, the mixing ratio of which is highly variable. However, it is possible to create a term nearly independent of this mixing ratio. We can rewrite the first two terms in (A1) by using the equa- Because the uncertainty associated with L• in (A14) is so small, and because variability is associated with water vapor, Lx is usually (and inaccurately) termed the "dry delay." Something like the "hydrostatic delay" would be more descriptive, for in principle the uncertainty of the dry density at any point is no less than the uncertainty of the wet density, whereas the total density is very predictable.
The remaining two terms in the expression for the refractivity are wet terms P]z -' Nw = + k 3 T2 j w errors on the submillimeter level, much less than the inherent error in the prediction of the wet delay. On the other hand, these models also tend to be based on empirical models for the wet atmosphere, averaged over location and season. However, we believe that site and season dependence of the atmospheric profile could cause seasonal and sitedependent biases in these wet models of up to 10-20%, based on a comparison of expressions for "average" profiles reported throughout the literature.
Water vapor radiometers
A water vapor radiometer is a multichannel radiometer which uses the sky brightness temperature near the 22-GHz rotational absorption line of atmospheric water vapor to obtain an estimate of the integral of the wet refractivity in ( 
